INTRODUCTION
The transient increase in the cytosolic free calcium ion concentration (Ca2"1) that occurs at fertilization in sea urchin eggs (Steinhardt et al., 1977) is the trigger that initiates development (Whitaker & Steinhardt, 1985) . The most obvious sign of egg activation is the elevation of a fertilization envelope. The fertilization envelope rises as a consequence of the exocytosis of cortical secretory granules caused by the increase in Ca2+i (Baker & Whitaker, 1978) . Fertilization, parthenogenetic activation and the elevation of the fertilization envelope can occur in calcium-free sea water, which suggests that the increase in Ca2", is due to release of calcium ions from internal stores (Steinhardt & Epel, 1974; Schmidt et al., 1982) . It has been suggested that the fertilization calcium transient is the result of the liberation of the calciumreleasing second messenger inositol 1, 4, 4, 5) P3]. This idea rests on the demonstration of an increased turnover of polyphosphoinositide phospholipid (Turner et al., 1984) and the production of inositol trisphosphate at fertilization (Ciapa & Whitaker, 1986) . Microinjecting Ins(1,4,5)P3 into sea urchin eggs causes an increase in Ca2"i and the elevation of a fertilization envelope (Whitaker & Irvine, 1984; Swann & Whitaker, 1986) . Sea urchin egg homogenates contain an ATPdriven, membrane-bound calcium-sequestering system that is sensitive to Ins(1,4,5)P3 (Clapper & Lee, 1985 (Slack et al., 1986; Irvine & Moor, 1986) . These findings have been taken as an indication that inositol polyphosphates regulate plasma membrane calcium fluxes (Irvine & Moor, 1986 ). Yet fertilization and development in sea urchins can occur in sea water containing less than 10-8 M-Ca2" (Chambers, 1980) , that is, under conditions in which calcium influx cannot occur (Poenie et al., 1985 All experiments were conducted at 16 'C. Composition of artificial seawater ASW: 435 mM-NaCl, 40 mM-MgCl2, 15 mM-MgSO4, 11 mM-CaCl2, 10 mM-KCl, 2.5 mM-NaHCO3, 1 mM-EDTA, pH 8.0.
Calcium-free ASW: 445 mM-NaCl, 50 mM-MgCl2, 10 mM-KCl, 2.5 mM-NaHCO3, 2 mM-EGTA, 1 mM-EDTA, pH 8.0.
Calcium-free ASW was calculated to have a free calcium ion concentration of less than 100 nM by using the binding constants of Martell & Smith (1974) . This was confirmed by using a calcium-sensitive electrode (World Precision Instruments, New Haven, CT, USA).
Microinjection techniques
Micropipettes were pulled from glass capillary tube (1.5 mm i.d.; Clarke Electromedical, Pangbourne, U.K.) using a Palmer Bioscience Microelectrode Puller (Sheerness, U.K.). The tip resistance was typically 5-10 Mohm when filled with 3 M-KCI and the diameter was such that a 10-50 ms pulse of 450 kPa pressure ejected a volume of 1 pl (Swann & Whitaker, 1986) . Pulses were delivered to the pipette at a frequency of 1 Hz during periods of immersion in sea water to prevent contamination of the pipette contents. The micropipette was held in a micromanipulator (Prior Instruments, Cambridge, U.K.) mounted onto the stage of a Leitz Diavert microscope.
Microinjections were performed by using brightfield microscopy with a 40 x, 0.65 NA achromat objective. The injected volume was estimated by measuring the cytoplasmic displacement of the injected fluid with an eyepiece graticule. For experiments to determine the damage done to eggs by microinjection a low pressure injection proceedure based on that described by Turner et al. (1986) was used.
Observation of the egg cortical granules
We used cortical granule exocytosis as a morphological marker to indicate that an elevation of Ca2+1 had occurred. However, as well as looking at fertilization envelope elevation as an indirect assay of exocytosis, we observed the cortical granules themselves. The cortical granules were observed by using differential interference contrast microscopy with a Leitz 100 x, 1.2 NA oilimmersion objective.
Fluorescence measurements of Ca2+; and of dye efflux Ca2+ was measured by using the calcium-sensitive fluorescent dye fura2. The fura2 (pentapotassium salt; Molecular Probes, Junction City, OR, U.S.A.; 10 mM in 0.5 M-KCI/20 mM-Pipes, pH 6.7) was introduced into the eggs by microinjection to give a cytoplasmic concentration of about 100 /IM. The fluorescence from single eggs was measured by the methods described by Swann & Whitaker (1986 Fig. 1 shows two eggs, one microinjected in artificial seawater (ASW) and one in calcium-free ASW. Both eggs have elevated a complete fertilization envelope. However, the fertilization envelope in calcium-free ASW is much less refractile and more difficult to see. For this reason, we decided to observe the cortical granules directly when determining the effects of inositol phosphates.
In experiments to determine the sensitivity of eggs to inositol phosphates we injected a constant volume of inositol phosphate (1.5 pl, 0.3 0 egg volume) and varied the pipette concentration. The reasons for this were twofold. First, the sensitivity of the eggs to inositol phosphates may be a function of the concentration injected as well as the total dose. Second, we were concerned about possible damage to eggs caused by microinjecting larger volumes, particularly in calciumfree ASW (see below). The results of microinjecting various inositol phosphates into Lytechinus pictus eggs are shown in Fig. 2 . In ASW the most active inositol phosphate tested was Ins(1,4,5)P3: half-maximal activation occurs at an Ins(1,4,5)P3 concentration of 2.5 /M, similar to the concentration determined in earlier work (Whitaker & Irvine, 1984; Turner et al., 1986 We made an estimate of the leakiness of eggs after microinjection by pre-loading the eggs with a fluorescent dye and measuring the rate of leakage of the dye from the eggs after large and small volume microinjections using high pressure pulses (see the Materials and methods section). We found that dye leakage was not detectable after microinjection in normal ASW with injected volumes of up to 12 pl (2.4% egg volume). In calciumfree ASW, large volume injections (12 pl, 2.40% egg volume) caused more rapid dye leakage than small volume injections (1.5 pl, 0.3 % egg volume): the former caused a loss of 14+ 1.3 % (mean +S.E.M., n = 3) of the dye 2 min after injection, the latter only 2.7 + 2.66% (n = 3). This difference is significant (P < 0.02, one tailed t-test).
Measurement of Ca2+i after microinjection of inositol phosphates
Our observations that inositol phosphate-induced cortical granule exocytosis is independent of external calcium ions did not exclude the possibility that inositol phosphates cause a calcium influx that affects the duration and magnitude of the inositol phosphateinduced increase in Ca2+i, since exocytosis is not a strictly quantitative measure of Ca2'+. We therefore measured changes in Ca2", following the injection of Ins(1,4,5)P3
and Ins(1,3,4,5)P4 by using the calcium-sensitive fluorescent dye fura2. The results of these experiments are shown in Fig. 3(a) . We found that the injection of Ins(1,4,5)P3 (1.5 pl of 10 ,gM) in ASW caused a transient increase in Ca2", with a peak of 2 /M and a duration of 3 min. Removing the external calcium ions affected neither the magnitude nor duration of the calcium response. We obtained similar results when Ins(l,3,4,5)P4 (1 pl of I mM) was microinjected ( Fig. 3(b) ).
DISCUSSION AND CONCLUSION
We have investigated the parthenogenetic activation of sea urchin eggs by inositol phosphates and the requirements for external calcium. Ins(1,4,5)P3 was the most active inositol phosphate tested, causing complete cortical granule exocytosis at a half-maximal concentration of 2.5 /!M, a value in good agreement with earlier findings (Whitaker & Irvine, 1984; Turner et al., 1986) . We have confirmed Irvine & Moor's (1986) observation that Ins(1,3,4,5)P4 has little calcium-releasing activity in sea urchin eggs. The effects we observed may be accounted for by the contamination of our sample of Ins(1,3,4,5)P4 with Ins(1,4,5)P3. In contrast we found that Ins(2,4,5)P3 had an activity two orders of magnitude greater than that previously reported (Irvine & Moor, 1986) . Our observations point to a similar sensitivity for Ins(2,4,5)P3 in sea urchin eggs as in other tissues . Our finding that the two main metabolites of Ins (l, 4, 5)P3, Ins(l, 3, 4, 5)P4 and Ins(l, 3, 4) P3 (Berridge, 1987) (Whitaker & Irvine, 1984; Clapper & Lee, 1985; Swann & Whitaker, 1986) . These results and, indeed, previous work (Chambers, 1980; Schmidt et al., 1982) make schemes in which calcium influx plays a significant part at fertilization (Irvine & Moor, 1986; Michell, 1986; Houslay, 1987) Irvine et al., 1988) . Irvine & Moor (1987) have suggested that their inability to reproduce this crucial observation stems from a seasonal variation in the response of L. variegatus eggs to inositol phosphates. We find no such variation in the responses of L. pictus eggs. It has been suggested that whether or not a cell requires external as well as internal calcium for a response depends crucially on the size of the internal store relative to the cytosolic free calcium concentration change required to produce the response. This postulate implies that the synergism between Ins(2,4,5)P3 and Ins(1,3,4,5)P4 might be observed only in eggs with a depleted intracellular calcium store. This does not seem to us a satisfactory explanation, since eggs that manifested the synergism had a normal cellular response to InsP3. Wellbehaved L. variegatus eggs have a robust intracellular store that cannot be depleted by long incubations in calcium-free sea water (Azarnia & Chambers, 1976) : the postulate is therefore difficult to test.
